
CANCER RESEARCH | CANCER IMMUNOLOGY

Fasting-Mimicking Diet Drives Antitumor Immunity
against Colorectal Cancer by Reducing IgA-Producing
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ABSTRACT
◥

As a safe, feasible, and inexpensive dietary intervention, fasting-
mimicking diet (FMD) exhibits excellent antitumor efficacy by
regulating metabolism and boosting antitumor immunity. A better
understanding of the specific mechanisms underlying the immu-
noregulatory functions of FMD could help improve and expand the
clinical application of FMD-mediated immunotherapeutic strate-
gies. In this study, we aimed to elucidate the role of metabolic
reprogramming induced by FMD in activation of antitumor immu-
nity against colorectal cancer. Single-cell RNA sequencing analysis
of intratumoral immune cells revealed that tumor-infiltrating IgAþ

B cells were significantly reduced by FMD treatment, leading to the
activation of antitumor immunity and tumor regression in murine
colorectal cancer models. Mechanistically, FMD delayed tumor
growth by repressing B-cell class switching to IgA. Therefore,
FMD-induced reduction of IgAþ B cells overcame the suppression
of CD8þ T cells. The immunoregulatory and antitumor effects of
FMD intervention were reversed by IgAþ B-cell transfer. Moreover,
FMD boosted fatty acid oxidation (FAO) to trigger RUNX3 acet-
ylation, thus inactivating Ca gene transcription and IgA class
switching. IgAþ B-cell expansion was also impeded in patients
placed on FMD, while B-cell expression of carnitine palmitoyl
transferase 1A (CPT1A), the rate-limiting enzyme of FAO, was
increased. Furthermore, CPT1A expression was negatively corre-
lated with both IgAþ B cells and IgA secretion within colorectal
cancer. Together, these results highlight that FMD holds great
promise for treating colorectal cancer. Furthermore, the degree of

IgAþ B cell infiltration and FAO-associated metabolic status are
potential biomarkers for evaluating FMD efficacy.

Significance: Metabolic reprogramming of B cells induced by
fasting-mimicking diet suppresses IgA class switching and produc-
tion to activate antitumor immunity and inhibit tumor growth.

See related commentary by Bush and Perry, p. 3493
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Introduction
Fasting-mimicking diet (FMD) is emerging as an effective dietary

intervention with the potential to prolong life span in healthy people

and boost antitumor immunity in patientswith cancer. FMDrefers to a
medically designed fasting-like state that allows periodic consumption
of a very-low-calorie and low-protein diet (1, 2). Compared with other
dietary interventions like chronic caloric restriction or water-only
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fasting, FMD is safer, more feasible and inexpensive to patients with
cancer (3).

Colorectal cancer is the third most common cancers worldwide,
which is commonly accompanied by poor prognosis and therapy
resistance (4). Therefore, identifying novel treatments that can
be effective against colorectal cancer tumor growth is of crucial
importance. A well-controlled effect of fasting or FMD on colorectal
cancer has been shown in previous studies, which is associated with
increased tumor cell autophagy, oxidative stress, and inhibition of
aerobic glycolysis (5–7). Apart from controlling tumor cell growth
by regulating metabolism of tumor cells, FMD is also regarded as a
promising and powerful antitumor tool with its potential capability
to remodel intratumor immune responses of colorectal can-
cer (2, 3, 8, 9). Both preclinical and clinical evidences have eluci-
dated that FMD delays tumor progression and sensitizes a wide
range of tumors to chemotherapy, potentially through facilitating
antitumor immunity (1, 10–12). The combination of chemotherapy
and FMD leads to a major delay in tumor progression in breast
cancer and melanoma, which is accompanied by increased levels of
common lymphoid progenitor cells and cytotoxic CD8þ tumor-
infiltrating lymphocytes in the bone marrow (13). Similarly, short-
term fasting, a low-calorie, low-protein FMD, boosts antitumor
responses by promoting tumor immunogenicity and decreasing
local immunosuppression and selectively sensitizes cancer cells to
chemotherapeutics (10). Moreover, a recent phase I clinical trial has
shown that FMD reshapes both metabolism and antitumor immu-
nity in patients suffering from cancer (3). However, changes in the
overall immune pattern of colorectal cancer after FMD intervention
are not completely understood.

Immunoglobulin A (IgA) producing cells provide the first line of
immune protection at gut mucosal surfaces and also are recognized as
an immunosuppressive or regulatory B cell subset due to their high
expression of programmed death ligand-1 (PD-L1), IL10, TGFb1, and
even IgA (14–17). In this study, we display the immune cell atlas of
murine colorectal cancer undergoing regular or FMD intervention by
single-cell RNA sequencing (scRNA-seq) and found IgAþ B cells were
mostly decreased after FMD treatment. Moreover, we also show that
FMD improves antitumor immunity by reducing IgAþ B cells both in
murine and human colorectal cancer. Besides, FMD abolished the
inhibitory effect on CD8þ T cells by reducing the class-switch recom-
bination (CSR) of B cells to IgA, as FMD drove fatty acid oxidation
(FAO) metabolism in B cells. These results elucidate that FMD can
activate antitumor immunity against colorectal cancer by metabolic
reprogramming, which provides evidence for tumor immunomodu-
latory capacity of FMD and its clinical significance in adjuvant therapy
of colorectal cancer.

Materials and Methods
Subjects

ChiCTR2200062524 (http://www.chictr.org.cn/showproj.aspx?
proj¼174107) is a monocentric, open-label, prospective clinical
trial aimed at evaluating the safety, feasibility, and metabolic and
immunomodulatory effects of FMD in patients with colorectal
cancer. Twenty-two participants were recruited from Zhongshan
Hospital based on the established inclusion and exclusion criteria
(Supplementary Tables S1 and S2). The main clinical characteristics
of patients are summarized in Supplementary Table S3. All parti-
cipants signed informed consent forms and were randomized in a
1:1 ratio to undergo FMD or a regular diet for 3 d before surgery.
This clinical study was approved by the Ethics Committee of

Zhongshan Hospital, Fudan University (Approval No.: B2020–063;
ref. 2), in accordancewith theHelsinkiDeclaration of 1975 as revised in
1983 (IRB no. 32378).

Human diet
The human FMD is a calorie-restricted, low-carbohydrate, and

low-protein diet program that aims to achieve fasting-like effects,
provides micronutrient nourishment and minimizes the burden of
fasting (3, 8). It comprises tea, broths, steamed eggs, virgin olive oil,
tofu pudding, milk and whole grain bread (Supplementary Fig. S1;
Supplementary Tables S4 and S5). The calorie content declined
from day 1 (�600 kcal), to days 2 to 3 (�300 kcal). Moreover, the
carbohydrates/proteins/fats composition was approximately 55%
to 58%/22% to 25%/15% to 20% on the first day and 35% to 40%/
30% to 33%/30% to 33% on the other subsequent 2 days. The
patients were allowed to eat the diet components at any time on
the designated day. Participants in the control group were
instructed to maintain their weight throughout the trial and remain
on their usual diet.

Animals
IgA-deficient (Iga�/�) mice were constructed by deleting the Igha

gene, which were obtained from the Department of Immunology at
Fudan University (Shanghai, China). All mice used had a C57BL/
6 genetic background and were housed under specific pathogen-free
conditions at the animal facility at Fudan University. Animal experi-
ments were approved by the Institutional Animal Care and Use
Committee of Fudan University (Permit Number: 202011009S). All
animal experiments complied with the National Institute of Health’s
Guide for the Care and Use of Laboratory Animals (NIH Publications
No. 8023, revised in 1978). The details and results of genotyping are
shown in Supplementary Table S6.

Orthotopic mouse colorectal cancer model
Malemice (6–8 weeks old) were anesthetized with 2% pentobarbital

and were fixed on a SMZ-168 stereomicroscope (Motic Co.). Subse-
quently, the anal canal was gently dilated using blunt forceps to expose
the distal anal and rectal mucosa, which was performed as previously
described (18, 19). A sterile 30-gauge removable needle on a 50 mL
HamiltonMicroliter Syringe (Hamilton Co.) was used for injections of
MC38 cells (1� 106 MC38 at a volume of 10 mL) into the submucosa.
Transmural injection was avoided to prevent the establishment of a
pelvic cavity tumor model. After the injection, the mice were observed
for 1 hour to ensure uncomplicated recovery.

Azoxymethane plus dextran sodium sulfate mouse colorectal
cancer model

Mice were intraperitoneally injected with 10 mg/kg body weight
azoxymethane (AOM; Sigma), as described previously (20). One week
after AOM administration, the mice were fed three dextran sodium
sulfate (DSS; molecular weight 36,000 to 50,000, MP Biomedicals)
cycles. The DSS cycles were separated by 2.5% (w/v) DSS for 1 week
and 2 weeks of regular drinking water.

Rodent diets and treatments
Mice were kept on irradiated AIN-93G purified rodent chow

(Dyets). This diet contained 4 kcal/g of gross energy with calories
supplied by proteins, carbohydrates, and fat in a percentage ratio of
20:64:16. Food was provided ad libitum. Mice in the control group
were fed with AIN-93G during the whole procedure. Our FMD diet
is based on a nutritional screen that identifies ingredients allowing
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Figure 1.

FMD inhibits colorectal cancer progress with the reduction of IgAþ cells. A and B, Schematic diagram of orthotopic mouse models and AOM plus DSS mouse models.
A, Eight-week-old male C57micewere graftedwith MC38 cells and subjected to AIN93G or multiple cycles of FMD. B, Experimental design for the AOM plus DSS-induced
mouse colon cancer model with AIN93G or multiple cycles of FMD. C, Tumor volume and tumor weight prior to euthanasia were observed for each treatment. D, Tumor
number and tumor area prior to euthanasiawere observed for each treatment.E–I,CD45þ immune cellswere sorted using FC frommouse colon containingmost neoplasia
tissues of colorectal cancer models with AIN93G and FMD treatment. E, Single-cell sequencing was performed in a pool of four mice per group. The immune landscape of
colorectal cancer is displayed by UMAP plot and differentially clusters were identified through fold change filtering. F, FeaturePlots of classical immune cell markers.
G,Recluster ofbulkBcell andPC.H,Violinplots of signaturegenes in eachBcluster. I,Expressionof IgAþBcellswasverifiedusingFC.Thedata inB,D, and Iarepresentedas
means� SEM. P values were determined by a two-tailed unpaired Student t test. � , P < 0.05; �� , P < 0.01; ���� , P < 0.0001. CRC, colorectal cancer; FOB, follicular B cell.
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high nourishment during periods of low-calorie consumption. The
FMD consisted of a day 1 diet, day 2–3 diet, and day 4 to 7 diet, as
described previously (7). The 50% calorie restriction (CR) diet was
fed on day 1 (mice were provided 50% of AIN-93G intake; 0.11 kJ/g
carbohydrates, 1.17 kJ/g protein, and 0.53 kJ/g fat). The 10% CR diet
was fed on days 2–3 (provided 10% of AIN-93G intake; 0.34 kJ/g
carbohydrates, 0.01 kJ/g protein). AIN-93G was administered on
days 4–7.

All orthotopic colorectal cancer mice were randomly allocated to
the Control group or FMD group using random number tablemethod.
For the orthotopic mouse colorectal cancer model, mice in the FMD
groupwerefirst placed on a 7 dAIN-93Gdiet and then twoFMDcycles
after mousemodeling. For the AOMplus DSSmouse colorectal cancer
model, the mice were fed six FMD cycles after the first DSS cycle.
Mouse weight was monitored every 2 days, and weight loss did not
exceed 20%.

To determine which individual components (proteins, carbohy-
drates, and fats) of the diets may drive tumor progression, we then
conducted rescue experiments according to the calorie difference
between the AIN-93G, 50% CR, and 10% CR diets in terms of each
component. The FMDþ sugar group was provided with a day 1 diet
plus 43.64 g/kg body weight sucrose supplementation and day 2–3
diet plus 62.73 g/kg body weight sucrose supplementation. The
FMD þ protein group was provided with day 1 diet plus 20 g/kg
body weight casein supplementation and day 2 to 3 diet plus
45.46 g/kg body weight casein supplementation. The FMD þ fat
group was provided with day 1 diet plus 1.82 g/kg body weight
soybean oil supplementation and day 2 to 3 diet plus 8.18 g/kg body
weight soybean oil supplementation.

Cell lines and culture conditions
MC38 (RRID: CVCL_B288), HEK293T (RRID: CVCL_0045),

and CHO (RRID: CVCL_1977) cell lines were obtained from
ATCC. All cells were cultured in DMEM supplemented with
10% FBS and 1% penicillin/streptomycin. Cells were grown at 37�C
in a 5% CO2 setting. For FMD-like condition experiments, cells
were grown in DMEM medium without glucose supplemented with
0.5 g/L glucose and 1% FBS.

B-cell culture in vitro and IgA class-switching assay
B cells were purified from the spleen of mice using a B Cell

Isolation Kit (STEMCELL) and cultured in at least three replicate
wells of 48-well plates (4 � 105 cells per well). Purified B cells were
cultured for 5 days in the presence of MC38 supernatants and IgA
class switching condition [LPS (5 mg/mL), TGFb (5 ng/mL), BAFF
(20 ng/mL), anti-CD40 (2 mg/mL), and anti-IgM (2 mg/mL)].

For FMD-like condition experiments, 5 days were divided into
seven periods, each containing 17 hours. B cells were cultured in
RPMI1640 medium without glucose supplemented with 1.0 g/L
glucose and 5% FBS for the first 17 hours, and were then replaced
with glucose-free RPMI1640 medium supplemented with 0.2 g/L
glucose and 1% FBS in the second and third 17 hours. For the
remaining four periods, B cells were cultured in a normal
RPMI1640 medium supplemented with 10% FBS, in accordance
with the FMD regimen in vivo.

Coculture of B and T cells
B cells were purified from the spleens of wild-type (WT) and Iga�/�

mice using a B Cell Isolation Kit (STEMCELL). CD3þ T cells were
isolated from the spleens of WT mice using a T Cell Isolation Kit
(STEMCELL). WT and Iga�/� B cells were pretreated with MC38
supernatants and IgA class switching condition (LPS (5mg/mL), TGFb
(5 ng/mL), BAFF (20 ng/mL), anti-CD40 (2 mg/mL), and anti-IgM
(2 mg/mL)) for 5 days. Then purified WT CD3þ T cells were cultured
either alone or with B cells in 48-well plates for 48 hours, 72 hours and
96 hours (B:T ratio ¼ 1:3).

Statistics analysis
Data were analyzed usingGraphPad Prism version 9.2.0 formacOS,

GraphPad Software, San Diego, California, www.graphpad.com and
are presented as the mean � SEM. Statistical significance was deter-
mined using a two-tailed Student t test and one-way or two-way
analysis of variance. The cumulative survival time was calculated
using the Kaplan–Meier method and analyzed using the log-rank test.
Pearson correlation coefficient was used to analyze the correlations
between the groups. Statistical significance was set at P < 0.05. P values
are indicated as follows: ns, not significant; �, P < 0.05; ��, P < 0.01;
���, P < 0.001; ����, P < 0.0001.

Data availability
The single-cell sequencing data generated in this study are publicly

available inGene ExpressionOmnibus atGSE212911.Other sources of
protein and nucleic acid sequences are indicated in themanuscript and
are available from the corresponding author on request. For The
Cancer Genome Atlas (TCGA) cohort, the data generated in this
study are publicly available in TCGA–colon adenocarcinoma (COAD)
dataset with 450 tumor samples, and were downloaded from UCSC
XENA (https://xena.ucsc.edu/). Further information on materials
andmethods is included in the SupplementaryMaterials andMethods.
All the primers and antibodies used are listed in Supplementary
Tables S7 to S9. All other raw data are available upon request from
the corresponding author.

Figure 2.
FMD-induced tumor regression is disrupted by IgAþ B cells. A–E, Orthotopic mouse model was constructed on Iga deletion (Iga�/�) and WT mice, followed by
AIN93G or multiple cycles of FMD treatment. A, Changes in body weight during the experiment. B–E, Tumor development and tumor weight were observed
(B and C), followed by analyses of intratumoral IgAþ B cells, TGFb1, and PD-L1 in B cells (D and E). F, Single-cell suspension was isolated from the orthotopic
mouse colorectal cancer model in Iga�/� and WT mice, followed by CyTOF analysis. G, Heat map displaying normalized marker expression of each immune
cluster. H, The distributions of tumor-infiltrating leukocytes from WT (n ¼ 2, pool of two mice per sample) versus Iga�/� (n ¼ 2, pool of two mice per sample)
mice, including tumor-infiltrating lymphocytes (T and B cells), monocytes, neutrophils, NK cells, and macrophages, are presented as two-dimensional t-SNE
plots. I, The differentially clusters were identified through fold change filtering. J–L, The changes in CD8þ T cells were further confirmed using FC, including
CD8, PD-1, and IFNg . M, WT and Iga�/� B cells were pretreated with MC38 supernatants and IgA class switching condition [LPS (5 mg/mL), TGFb (5 ng/mL),
BAFF (20 ng/mL), anti-CD40 (2 mg/mL), and anti-IgM (2 mg/mL)] for 5 days. Then purifiedWT CD3þ T cells were cultured either alone or with B cells in 48-well
plates for 48 hours, 72 hours, and 96 hours (B:T ratio ¼ 1:3). N–P, IFNg , PERFORIN, and PD-1 expression of CD8þ T cells were measured 72 hours later. Data are
shown as means � SEM. ns, not significant; � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001. BAFF, B cell-activating factor; CyTOF, cytometry by time of
flight; MACS, magnetic activated cell sorting; MFI, mean fluorescence intensity; t-SNE, t-distributed stochastic neighbor embedding. (F and M, Created with
BioRender.com.)
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Results
FMD inhibits colorectal cancer progress with the reduction of
IgAþ cells

To reveal the antitumor effect of FMD in colorectal cancer, both
MC38-induced orthotopic and AOM plus DSS mouse colorectal
cancer models were constructed, followed by regular or FMD treat-
ment (Fig. 1A and B). The results showed that tumor progression
was significantly repressed after FMD treatment in both colorectal
cancer models (Fig. 1C and D) without significant body weight
changes (Supplementary Fig. S2A). Next, CD45þ cells were isolated
from the tumor tissues of colorectal cancermice induced byAOMplus
DSS, and scRNA-seq was performed to reveal alterations in the
colorectal cancer immune landscape following FMD treatment
(Fig. 1E). Eighteen clusters of 10� genomic data were identified using
graph-based clustering. The examinations of canonical marker genes
revealed major cell populations, including B cell (Ms4a1), with the
highest cell count, CD4 T cell (Cd4), CD8 T cell (Cd8a), neutrophil
(Csf3r), macrophages (Adgre1), plasma cells (PC; Jchain), and ??T
(Trdc; Fig. 1E and F), which were also confirmed using flow cytometry
(FC; Supplementary Fig. S2B). Among these immune cell populations,
the decrease of PC was pronounced in the FMD group compared with
the control group (Fig. 1E). B, T cells were further partitioned through
a second round of clustering analysis and yielded 12 and 11 clusters,
respectively. Among B and PCs, B cells-c00–08, c10-Ighm and Ighd,
representing follicular B cells, were found no difference in two
groups. B cells-c09-Mki67, on behalf of germinal center (GC) B,
were enriched in the FMD group. PCs-c11-Igha, corresponding to
IgAþ PCs were significantly decreased in the FMD group (Fig. 1G
and H), which was confirmed using FC (Fig. 1I). Meanwhile, the
analysis of T re-clustering showed an increased frequency of central
memory T cells and a reduced percentage of exhausted CD8þ T in
the FMD group (Supplementary Fig. S2C–S2E). These results
confirm that FMD delays colorectal cancer progression while being
accompanied by changes in the immune landscape, in which IgA-
producing cells are significantly reduced.

IgAþ B cells antagonize the antitumor effect of FMD in
colorectal cancer

To validate the role of IgAþ B cells in colorectal cancer, orthotopic
mouse colorectal cancer models in WT and Iga�/� mice were con-
structed and placed on an ad libitum diet or FMD cycles, respectively.
The results showed that IgA ablation barely affected weight gain
(Fig. 2A), whereas compared with the WT control group, tumor
weight and size were smaller in the Iga�/�-control group. TGFb1
secretion and PD-L1 expression in B cells were greatly decreased in the
Iga�/�-control group, implying an immunosuppressive role of IgAþ B
cells in colorectal cancer (Fig. 2B–E). Moreover, there were no
significant differences between the Iga�/�-control and Iga�/�-FMD
groups. To further confirm that FMDaffected colorectal cancer growth
by inhibiting IgAþB cells, adoptive transfer ofWT IgA� orWT IgAþB
cells was performed on an ad libitum diet or FMDcycles in Iga�/�mice
bearing MC38 colon tumor cells (Supplementary Fig. S3A). Signifi-
cantly, compared with the adaptive transfer of IgA� B cells, the
antitumor effect was reversed after the adaptive transfer of IgAþ B
cells in the FMD group, which suggests that IgAþ B cells work as the
target cells to antagonize the antitumor effect of FMD (Supplementary
Fig. S3B–S3F).

To find potential immunosuppressive targets of IgAþ B cells,
the tumor-infiltrating immune profiles of colorectal cancer WT and
Iga�/� mice were analyzed using CyTOF (Fig. 2F–I). Fifteen surface

and intracellular immune markers were included in the analysis of
immune cell lineages and functional molecules (Fig. 2G). Analysis of
the CD45þ cells revealed 11 distinct subsets, including tumor-
infiltrating lymphocytes (T and B cells), monocytes, neutrophils,
natural killer (NK) cells, and macrophages (Fig. 2H). Among them,
neutrophil clusters obviously increased and programmed cell death
protein 1 (PD-1)þ CD8þ T-cell clusters decreased in Iga�/� mice, all
other clusters were changed slightly in Iga�/�mice comparedwithWT
mice (Fig. 2I). The changes in CD8þ T-cell subsets were further
confirmed using FC (Fig. 2J–L). As results shown, the secretion of
IFNg was significantly enhanced, while PD-1 expression wasmarkedly
reduced in Iga�/�mice. To confirm the suppression of IgAþ B cells on
T cells (Fig. 2M), WT and Iga�/� B cells were cultured with tumor
supernatants of MC38 respectively, in combination with IgA class
switching condition for 5 days. Then the purified CD3þ T cells were
cultured alone or with these pretreated B cells (B:T ratio ¼ 1:3) for
48 hours. Our results show that although there were no significant
differences in proliferation (Supplementary Fig. S3G and S3H), CD8þ

T cells that were cocultured with Iga�/� B cells expressed more
activation markers than those with WT B cells (Fig. 2N and O), but
lower exhausted marker PD-1 (Fig. 2P). These in vivo and in vitro
experiments indicate that the reduction of IgAþ B cells relieves the
inhibitory effect on CD8þ T cells and contributes to the antitumor
effect.

FMD hinders class switching of B cells to IgA
The aberrant production of IgA by FMDprompted us to evaluate its

role in regulating IgA class switching. Previous studies have confirmed
that the lamina propria and Peyer’s patches (PP) are active in IgA class
switching (21). On the basis of the current study, FMD reduced the
amount of IgA in the lamina propria and PPs of MC38-induced
orthotopic colorectal cancer mice (Fig. 3A and B). Moreover,
although no significant differences were observed in serum, IgA
production in the fecal supernatant and intestinal tumor homog-
enate was markedly decreased in the FMD group (Fig. 3C). Ig A
class switching was initiated by the expression of IgA germline
transcript (a-GLT) and required the activation-induced cytidine
deaminase (AID). Then the expression of a-GLT, IgG1 germline
transcript (g-GLT), and AID (Aicda) in PPs were measured by
quantitative qPCR (Fig. 3D–F). B cells in the FMD group showed a
significant decrease in a-GLT and AID, while g-GLT expression
was not affected, which was also verified using FC (Fig. 3G). The
role of FMD in regulating IgA class switching was further inves-
tigated with a well-characterized in vitro protocol (Fig. 3H; Sup-
plementary Fig. S4A; ref. 22). FMD greatly repressed the induction
of IgAþ B cells in vitro (Fig. 3I). Furthermore, enzyme-linked
immunospot (ELISPOT) assays and ELISA also confirmed that
IgA secretion considerably decreased in FMD condition (Fig. 3J
and K). To further prove that IgA class switching was affected by
FMD, the expression of a-GLT and AID was detected. The results
show that a-GLT and AID expression decreased in the FMD group,
which was consistent with the results in vivo (Fig. 3L). Therefore,
these findings emphasize that FMD negatively regulate class switch-
ing to IgA, leading to the reduction of IgAþ cells in colorectal cancer
following FMD treatment.

FMD evokes FAO program to inhibit IgA class switching
To gain insight into themetabolic pathway by which FMD regulates

IgA class switching, glucose, protein, and fat were supplemented in
FMD in orthotopic colorectal cancer mice, and the tumor burden
and IgA cell levels were examined. The results showed that fat
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Figure 3.

FMD negatively regulates B-cell class switching to IgA in vivo and in vitro.A andB, The proportions of IgAþ cells in tumor and PP of orthotopic colorectal cancer mice
placed on anAIN93Gor an FMD, assessedwith FC.C, Scatter bar plot of IgA from serum, feces supernatant, tumor tissue homogenate ofmice placed on anAIN93Gor
FMD as determined using ELISA. D–F, Quantitative PCR analysis of mRNA related to Aicda, a-GLT, and g-GLT in PPs. G, Representative FC plots and graph
representing the proportions of IgG1þ B cells in tumor and PP. H, A schematic exhibits methods of FMD and inducing IgA class switching in vitro. Splenic B cells
cultured for 5 days in thepresence ofMC38 supernatants and IgA class switching condition [LPS (5mg/mL), TGFb (5 ng/mL), BAFF (20ng/mL), anti-CD40 (2mg/mL),
and anti-IgM (2 mg/mL)]. I–K, The expression of IgA was quantified using FC (I), ELISPOT assay (J), and ELISA (K). L, Quantitative PCR analysis of mRNA related
to Aicda and a-GLT in splenic B cells cultured for 5 days under the condition of IgA class switching. Data are shown as means� SEM. ns, not significant; � , P < 0.05;
�� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001. ELISPOT, enzyme-linked immunospot. (H, Created with BioRender.com.)
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supplementation reversed the antitumor effect of FMD, accompanied
by an increase in IgA, implying a role of lipid metabolism in FMD
controlling colorectal cancer and IgA class switching (Fig. 4A; Sup-
plementary Fig. S4B). Furthermore, in our comparative proteome
analysis of B cells cultured for 5 days in vitro under FMD or control
conditions, 139 upregulated proteins and 62 downregulated proteins
were identified (Fig. 4B and C). Functional enrichment analysis
showed that FAO metabolic pathways were rapidly enriched within
5 days of FMD. The elevation of FAO-related proteins was accom-
panied by the downregulation of IgA production-related molecules in
the FMD group compared with that in the control group (Fig. 4D
and E), while the protein expression of other significantly different
metabolic pathways was not as remarkable as that of FAO-related
proteins (Supplementary Fig. S4C). Consequently, combined with the
results from in vivo experiments, we hypothesized that FMD regulates
FAO to suppress IgA class switching.

Next, the expression of carnitine palmitoyl transferase 1A (CPT1A),
the rate-limiting enzyme of FAO, was examined in B cells cultured for
5 days in vitro under FMD or control condition. FMD markedly
increased bothmRNA and protein levels of CPT1A in B cells (Fig. 4F–
H). Subsequently, we confirmed the role of FAO in regulating IgA class
switching both in vitro and in vivo. In vitro, the effects of FMD on
reducing IgA were reversed after the addition of etomoxir, an irre-
versible CPT1A inhibitor, to B cells under FMD conditions. IgA
production was significantly depressed in B cells when C75, a CPT1A
activator, was added to the controlmedium (Fig. 4I–K; Supplementary
Fig. S4D and S4E). Moreover, intraperitoneal injection of etomoxir
into tumor bearing C57BL/6 mice significantly reversed the anti-
tumor effect of FMD and its inhibitory effect on IgAþ B cells, while
intraperitoneal injection of C75 markedly suppressed tumor growth
and IgA production (Supplementary Fig. S5A–S5E). In addition, the
adoptive transfer of B cells pretreated with etomoxir or C75 for
5 days into tumor bearing Iga�/� mice also affected the growth of
tumors and the production of IgAþ B cells, which was consistent
with the previous results (Supplementary Fig. S5F–S5J). Indeed,
these data illustrate that FMD inhibits IgA class switching in an
FAO-dependent manner.

FAO-dependent acetylation is responsible for hindering IgA
class switching

As a multistep process, FAO includes the degradation of fatty acids
by sequential removal of 2-carbon units from the acyl chain to produce
Acetyl-coenzyme A (acetyl-CoA; Fig. 4I). To determine how FAO
diminished IgA class switching, proteomic quantification of lysine
(Lys) acetylation in B cells subjected to FMD was performed. In the
1962 Lys acetylation sites from FMD and control B cells, the acety-
lation of RUNX3 increased in the FMD group and K130 was the main

RUNX3 acetylation site (Fig. 5A). Moreover, Western blotting and
immunoprecipitation (IP) showed that FMDs elevated the acetylation
of RUNX3without affecting its protein expression in B cells, consistent
with the proteomic quantification of Lys acetylation (Fig. 5B and C).
Next, CHOcellswere transfectedwithWTRUNX3 and an acetylation-
defective mutant, RUNX3-K130R. Transfection efficiency is shown
in Fig. 5D. We found that FMD treatment increased the acetylation of
RUNX3, but no significant difference was found when K130 was
mutated to arginine (K130R) or when etomoxir was added to the
medium, indicating that FMD elevates RUNX3 acetylation in a FAO-
dependent manner (Fig. 5E). To confirm whether acetylation of
RUNX3 is involved in IgA class switching, luciferase assays demon-
strated that RUNX3 promoted the transcription of Igha, and its
transcriptional activity was inhibited under FMD conditions. How-
ever, the transcriptional activity of the acetylation-defective mutant
RUNX3 did not decrease under FMD conditions (Fig. 5F). The
transcriptional regulation of Igha by RUNX3 under FMD treatment
was confirmed by silencing the RUNX3 gene in B cells (Fig. 5G–I).
These findings suggest that FAO-triggered RUNX3 acetylation is
responsible for FMD hindering IgA class switching (Fig. 5J).

FMD treatment accelerates FAO and reduces IgAþ B cells in
patients with colorectal cancer

To determine the potential clinical significance of IgA-expressing B
cells in colorectal cancer, the expression of IgA CSR-related and FAO-
related genes in patients with colorectal cancer was analyzed using
TCGA dataset. Interestingly, the results implied that the higher the
ratio of FAO-related to IgA CSR-related genes, the higher the survival
rate of patients with colorectal cancer (Supplementary Fig. S6A).
Moreover, patients with low expression of IgA CSR-related genes and
high expression of FAO-related genes exhibited the best overall
survival compared with the other groups (Fig. 6A). Further results
from FC and immunofluorescence staining showed that IgA expres-
sion in B cells was negatively correlated with CPT1A expression
(Fig. 6B and C; Supplementary Fig. S6B–S6D).

Next, 22 patients with colorectal cancer were recruited into an FMD
clinical trial (ChiCTR2200062524). Of these, 2 patients were excluded
for inability to tolerate starvation (Supplementary Table S1). Finally,
10 patients underwent FMD and 10 patients underwent a regular
diet for 3 d before surgery (Supplementary Fig. S1; Tables 2–5). Blood,
feces, and tumor tissue samples were collected during the procedure
(Fig. 6D). The common adverse events among the 10 patients who
completed FMD were fatigue (10%) and dizziness (10%; Supplemen-
tary Table S10). The changes in the colorectal cancer immune cell
atlas following FMD treatment were detected using FC. As the results
shown, the total CD4þ T, CD8þ T, B, and CD11bþ cell subsets did not
significantly change, whereas FMDnotably increased the percentage of

Figure 4.
FMD elicits a FAO program to inhibit IgA class switching. A, Glucose, protein, and fat were supplemented respectively into orthotopic colorectal cancer mice
undergoing FMD, and followedby an examination of tumor burden.B–D,Bcellswere isolated from the spleenofWTmice and treatedwith control or FMDmedium for
5days in thepresenceofMC38 supernatants and IgA class switching condition. Protein expression inB cellswas analyzedusingmass spectrometry.B,Volcanoplot of
proteome analysis showing the differential proteins between the control and FMD groups. C, 139 upregulated proteins and 62 downregulated proteins were
identified, and the fatty acid degradation metabolic pathway was markedly activated in the FMD group. D and E, Heat map displaying the elevation of FAO-related
proteins in the FMD group, accompanied by the downregulation of IgA production related genes. F–H, The expression of CPT1A in B cells cultured for 5 days in vitro
was detected using qPCR, FC, and Western blotting. I–K, After the addition of etomoxir, an irreversible inhibitor of CPT1A, or C75, an activator of CPT1A, the
expression of IgA in vitrowas examined using ELISPOT and FC. Etomoxir and C75were initially dissolved in DMSO and diluted inmedia to a final DMSO concentration
of 0.1%, while the control was supplemented with equal amounts of DMSO. Data are shown asmeans� SEM. ns, not significant; � , P < 0.05; �� , P < 0.01; ���, P < 0.001;
���� , P < 0.0001. CON, control; Eto, etomoxir. (I, Created with BioRender.com.)

FMD Drives Antitumor Immunity against Colorectal Cancer

AACRJournals.org Cancer Res; 83(21) November 1, 2023 3537



Zhong et al.

Cancer Res; 83(21) November 1, 2023 CANCER RESEARCH3538



IFNgþCD8þ T cells and reduced the frequency of IgAþ B and PD-
1þCD8þ T cells (Supplementary Fig. S7A–S7C). Moreover, FC and
immunofluorescence staining were used to investigate the impact of
FMD on IgAþ B cells and the relationship between IgA cell percentage
andCPT1A expression in B cells in all patients (Fig. 6E–G). The results
proved that the FMD-induced reduction of IgAþB cells is paralleled by
an increase in CPT1A in the B cells of patients with colorectal cancer.
In addition, a significant reduction in IgA secretion was found in post-
FMD feces compared with that in pre-FMD feces (Fig. 6H). Inter-
estingly, we found that the amount of IgA in the tumor homogenate of
the FMD group decreased considerably, but serum IgA secretion was
not significantly different (Fig. 6I and J). In addition, linear regression
analysis showed significant correlation between IgA in the tumor
homogenate and CPT1A in B cells, whereas correlation was not
significant for serum IgA secretion and CPT1A in B cells (Fig. 6K).
Together, these results indicate that FMD impedes IgAþ B-cell expan-
sion within the local tumormicroenvironment (TME) in patients with
colorectal cancer, which was associated with CPT1A expression in
intratumoral B cells.

Discussion
Cyclic fasting or FMD, which not only regulates systemic metab-

olism but also enhances the sensitivity of chemotherapy and immu-
notherapy, has recently attracted much attention in tumor therapy. A
potential immune-enhancing effect of FMD was found in studies
combining FMD with tumor therapy; however, the key immune cells
on which FMD is mainly dependent to exert antitumor effects are still
poorly understood. This study revealed the changes in the colorectal
cancer immune cell atlas following FMD treatment and found that
FMDpromoted antitumor immunity by inhibiting IgAþB cells in both
murine and human colorectal cancer. Mechanistically, FMD boosts
the acetylation modification of the IgA transcription factor RUNX3 by
promoting FAO, thereby repressing B cell CSR to IgA.

A key outcome of previous studies was the identification of immune
remodeling in response to fasting in the TME (1, 10–12). It has been
shown that FMD, CR, and caloric restriction mimetics (CRM) activate
cancer immunosurveillance by triggering T lymphocyte–mediated
cytotoxicity, altering NK cell function, and possibly driving immu-
nogenic cell death via autophagy (13, 14, 23). Preclinical studies have
demonstrated that FMD, as an adjunct to various cancer therapies,
potentially improves antitumor immunity. In drug-treated cancer
studies, FMD activates hematopoietic stem cell regeneration and the
accumulation of memory T cells in the bone marrow compartment,
thereby reducing immunosuppression and boosting CD8þ cytotox-
icity (13, 24). Fasting may also produce beneficial antitumor effects by
altering the abundance of peripheral immune cells, including mono-

cytes and a subset of dendritic cells, and limiting the polarization of
innate immune cells, such as tumor-associated macrophages (TAM)
and myeloid-derived suppressor cells (MDSC; refs. 25–27). However,
the mechanism by which FMD regulates the function and polarization
of B cells in the TME remains unclear. Earlier studies on inflammatory
diseases and infections suggest that fasting markedly decreases mem-
ory-like B cell subsets and may induce a shift towards the na€�ve B-cell
compartment (28, 29). As this study showed, compared with ad
libitum conditions, FMDmarkedly decreased IgAþ B cells in the local
TME. These IgAþ B cells had high expression of PD-L1 and TGFb1
and possessed immunosuppressive properties, which is consistent
with previous findings (14, 15, 17). TGFb can not only regulate
adaptive immunity by directly boosting Treg expansion and by
controlling effector T-cell function, but also similarly affect the
innate immune system by inhibiting NK cells and driving the
differentiation of innate immune cells to highly immunosuppressive
MDSCs and TAM, thereby forming a negative immune regulatory
network (30, 31). Moreover, PD-L1 can directly inhibit the cyto-
toxic function of CD8þT cells and NK cells, resulting in loss of
tumor immunosurveillance (32). Specifically, our data showed that
FMD-stimulated CD8 effector function and tumor regression were
reversed after adoptive transfer of IgAþ B cells, demonstrating a key
role of IgAþ B cells in FMD treatment.

In addition, we found an interesting phenomenon that neutro-
phils obviously increased in Iga�/� mice compared with WT mice.
Studies have reported that the plasticity of neutrophils is a double-
edged sword (33, 34). In response to TME stimulation, neutrophils
polarize into either antitumoral or pro-tumoral phenotype and
show different functions. High levels of IgA can bind to Fca
receptors (FcaR) expressed on neutrophils, thereby blocking anti-
body-dependent cell cytotoxicity (ADCC) and antibody-dependent
cell phagocytosis (ADCP) by neutrophils (35, 36). Moreover, IgA
helps to convert neutrophils to immune suppressive PMN-
MDSC (36, 37). It thus appears that neutrophils may become a
potential antineoplastic mechanism of FMD, which needs to be
further studied in the future. In the current study, B cells have been
shown to predominate within the TME; we thus focus on the effect
of FMD intervention on B cells.

Metabolic reprogramming shifts immune cell fate and response.
Several studies have demonstrated that the differentiation and
survival of GC B cells are highly dependent on the mTOR signaling
pathway (38). Recently, Kei Haniuda and colleagues proved that the
reprogramming of TCA cycle metabolism mediated by IL4 pro-
motes the accumulation of aKG, which integrates epigenetic acti-
vation of the Bcl6 gene to induce differentiation of GC B cells (39).
Nevertheless, GC B cells rely on FAO rather than glycolysis to
stimulate proliferation (40). The metabolites of glycolysis were

Figure 5.
FAO-triggeredRUNX3acetylation is responsible for hindering IgA class switching.A,Bcellswere isolated from the spleenofWTmice and treatedwith control or FMD
medium for 5 days in the presence of MC38 supernatants and IgA class switching condition, and proteomic quantification of Lys acetylationwas obtained usingmass
spectrometry. Each sample was pooled with four mice. It was identified that K130 was the major acetylation site of RUNX3 and RUNX3 acetylation was increased in
FMD group. B and C, These results as in A were confirmed using Western blotting and IP. D and E, The CHO cells were transiently transfected with the indicated
plasmids (D), incubated in a control or FMD medium for 48 hours in the presence or absence of etomoxir (E). Cell lysates were immunoprecipitated and
immunoblotted with the indicated antibodies. F, Effects of FAO-dependent acetylation of Runx3 on Igha transcriptional regulation were measured using luciferase
assays in 293T andCHO cell lines.G–I, The splenic B cells ofmicewere purified and si-Runx3was electro-transfected to B cells (other groupswere electro transfected
with the negative control siRNA for contrast). All groupswere subsequently stimulated by LPS, TGFb, BAFF, anti-CD40, and anti-IgMwith control or FMDmedium for
5 days in vitro. The percentage of IgAþ B cells was measured using FC (G), interference efficiency of Runx3-siRNA was detected using qPCR (H), and the IgA level in
the culture supernatant was measured using ELISA (I). J, Cartoon depicts the increase in Runx3 acetylation and the decrease in Runx3-dependent transcriptional
activity after FMD treatment. Data are shown as means� SEM. ns, not significant; � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001.
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detected preferentially in IgA PCs compared with na€�ve B cells,
suggesting that the shift to glycolysis-mediated energy metabolism
is likely useful for the generation and production of IgA. Our team
recently confirmed that the regulatory feature of LARS B cells is
dependent on the regeneration of mitochondrial NADþ and oxi-
dative metabolism (41). FMD could drive metabolic reprogram-
ming in multiple cell types to improve disease prognosis (42, 43).
However, it is largely unknown how FMD contributes to B-cell
metabolism, and how alternations in metabolism impact IgA class
switching. We proved that FMD impedes IgA class switching in a
FAO dependent manner and that RUNX3 is involved. Inhibition of
CPT1A, the rate-limiting enzyme in FAO, abrogates the reduction
of IgA in the FMD group, while the activation of CPT1A markedly
lowered the production of IgA, which implies a potential role for
FAO in interfering IgA class switching.

As it is activated by induction of the Ia promoter, IgA CSR
requires germline transcription (GLT) of Ig heavy chain constant a
gene (Iga) and the expression of AID (21, 44). Overwhelming
evidence indicated that TGFb1 has a special role in IgA class
switching. Several studies have demonstrated that Runx transcrip-
tion factors act synergistically with Smad transcription factors in
response to TGFb family signaling (45). Moreover, RUNX3 and
Smad2, 3 complex worked on the GLT promoter and enhanced
transcriptional activity. Therefore, RUNX3 is believed to function as
the activator of IgA CSR in B cells. In the current study, FAO
metabolic pathways were more active after FMD intervention.
Acetyl-CoA, the end products of FAO, occupies a crucial position
within cell metabolic processes as a biosynthetic intermediate but
also as a key determinant of protein acetylation (46). Therefore, the
evidence for FMD-induced metabolic reprogramming prompted us
to investigate acetylation, a posttranscriptional modification that is
linked to metabolism and the availability of acetyl-CoA. It has been
reported that CR and ketogenic diets elevate the levels of protein
acetylation in the liver in mice (47, 48). However, CRMs enhanced
the capacity to promote autophagy by reducing protein acetyla-
tion (49). Therefore, the impacts of fasting on acetylation might
depend on tissue, cell type, and the precise protein species. Fur-
thermore, no research has reported that FMD controls IgA CSR
through acetylation modification of transcription factors. In the
current study, we provide evidence that enhanced acetylation
modification of RUNX3 driven by FMD resulted in the inhibition
of IgA class switching.

The clinically FMD regimens are diverse, including various FMD
duration (range: 2–5 days), different average daily caloric restric-
tion (range 360–793.4 Kcal/day) and a wide variety of foods
(3, 8, 13, 50–52). Our FMD regimen is based on one of previous
researches, which has been reported to reshape systemic metabolism

and antitumor immunity (3). Furthermore, in the current study,
due to the requirement of a semi liquid diet for patients
with colorectal cancer before surgery and the preoperative prepa-
ration time is usually relatively brief, we made some adjustments
based on existing research. For instance, solid foods were replaced
with semi liquid foods, and the FMD duration was changed to
3 days before surgery. Furthermore, our clinical FMD regimen
was consistent with the mouse FMD protocol, which is a very-
low-calorie, low-protein diet for 3 days to mimic a fasting-like state.
We showed that a 3-day FMD cycle is sufficient to alter the local IgA
of patients with colorectal cancer.

Accumulating clinical data have confirmed the beneficial effect of
FMD alone or in combination with antitumor therapy. The first
randomized controlled study suggested that FMD notably curtailed
chemotherapy-induced DNA damage in T lymphocytes and rein-
forced the effects of neoadjuvant chemotherapy in patients with
early breast cancer (8). A clinical trial of 101 patients with cancer
confirmed that FMD was safe, feasible, and profoundly reshaped
anticancer immunity (3). However, the effects of FMD on IgA levels
in cancer have rarely been reported. Herein, clinical trial data
showed that both IgAþ B cells and IgA secretion were decreased
in the local TME of patients with colorectal cancer undergoing
FMD intervention. Consistently, previous studies have suggested
that the elimination of IgAþ B cells in tumors may be beneficial for
boosting the efficacy of chemotherapy, immunity, radiation, and
targeted therapy (14, 15).

In summary, FMD improves antitumor immunity by reducing B-
cell class switching to IgA and involves a metabolic shift towards FAO.
Owing to the tumor immunomodulatory effectiveness of targeting
IgAþ B cells and its therapeutic safety, FMD is of great promise as
adjuvant therapy for colorectal cancer.
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Figure 6.
FMD-induced IgAþ B-cell deficiency is related to the enhanced FAO in patients with colorectal cancer. A, Survival analysis using 450 TCGA COAD samples by
combining IgA CSR levels (CD40L, TGFB1, SMAD2, SMAD3, SMAD4, RUNX3, CREB, ELF1, IL2, IL4, IL5, IL6, IL10, BAFF, TGFBR2, MYD88, TNFRSF13B, TRAF6, IKBKB,
NFKB1, andAICDA) with FAO levels (ACADM,DLD, ECI1, CPT2, CPT1A, CPT1B, ECHS1, GCDH, GK, CRAT, CHKB, DECR1, ACSL5, HADH, ACADS, LIPE, SLC25A20, ACSL3,
GPD2, ACSL4, HADHB, HADHA, ACADL, ACSL1, andACADL).B andC, The expression of IgA andCPT1A in B cells was determined using FC analysis in 20 patientswith
colorectal cancer. The correlation between IgA and CPT1A in B cells was identified. D, Time points of feces, blood and tumor tissue sample collection in the
ChiCTR2200062524 trial. E and F, Frequencies of IgA and CPT1A in 20 patients with colorectal cancer in the ChiCTR2200062524 trial. G, Immunofluorescence
staining evaluation of intratumor IgA and CPT1A in control and FMD tumor samples from two indicative patients (magnification,�100). Bar plots showing results of
immunofluorescence analyses of IgA and CPT1A in 20 patients with colorectal cancer who were enrolled in the ChiCTR2200062524 trial. H–J, The IgA level in tumor
homogenate, serum, and feces supernatant was measured using ELISA. Feces samples collected before the initiation of the FMD are indicated as “Pre,”whereas the
samples collected on day 6 as shown inD are indicated as “Post.”K, The correlation between IgA in serum and tumor homogenate andCPT1A in B cellswas identified.
Data are shown as means� SEM. ns, not significant; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001. (D, Created with BioRender.com.)
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